MADS-box genes are key regulators of virtually every aspect of plant reproductive development. They play especially prominent roles in flowering time control, inflorescence architecture, floral organ identity determination, and seed development. The developmental and evolutionary importance of MADS-box genes is widely acknowledged. However, their role during flowering plant domestication is less well recognized. Here, we provide an overview illustrating that MADS-box genes have been important targets of selection during crop domestication and improvement. Numerous examples from a diversity of crop plants show that various developmental processes have been shaped by allelic variations in MADS-box genes. We propose that new genomic and genome editing resources provide an excellent starting point for further harnessing the potential of MADS-box genes to improve a variety of reproductive traits in crops. We also suggest that the biophysics of MADS-domain protein-protein and protein-DNA interactions, which is becoming increasingly well characterized, makes them especially suited to exploit coding sequence variations for targeted breeding approaches.
Introduction: no swords without ploughshares
Barely any other event shaped human history as profoundly as plant domestication (Diamond, 2002) . The domestication of flowering plants led to improved nutrition for a great part of the population and thereby increased birth rates, and allowed nomadic tribes to settle down, which was a prerequisite for inventions such as metal weapons and elaborate housing (Diamond, 2002) . For better or for worse, human civilization as we know it is unthinkable without plant domestication. Almost all of our food is directly or indirectly derived from domesticated plants, which underlines the present-day importance of understanding plant domestication.
During crop domestication, traits that were beneficial for yield and quality or that were desirable for harvesting and end-uses were selected for (Martínez-Ainsworth and Tenaillon, 2016; Stetter et al., 2017) . Domestication may thus be described as a process during which plants were selected consciously or unconsciously by humans according to their needs and economic preferences (Stetter et al., 2017) .
Transcription factors: masterminds of domestication
One pertinent question is whether specific gene classes contributed more to domestication than others. Because we consider domestication a process, we do not distinguish between initial domestication events and subsequent improvement here. Likewise, we do not distinguish between domestication and improvement genes. Consequently, domestication and improvement genes might be defined as genes with allelic versions that contributed to cultivating plants for human needs. Theoretically, at least three different possibilities exist as to how domestication traits originated genetically.
(i) Due to alterations in a few genes that encode enzymes or structural proteins. This category has been named 'superheroes' previously (Martínez-Ainsworth and Tenaillon, 2016) , presumably to illustrate that it is sometimes the altered functionality (the 'superpower') of a protein that contributed to domestication. (ii) Due to alterations in a few genes that encode transcriptional regulators. This is the 'mastermind' category (Martínez-Ainsworth and Tenaillon, 2016) , as alterations in regulatory proteins usually affect the expression of numerous downstream genes, thus resulting in alterations of entire developmental pathways. (iii) Due to alterations in numerous different genes. A growing body of evidence suggests that in some cases hundreds or thousands of genes may collectively determine a trait value and each gene contributes only a small amount to the overall variation (Buckler et al., 2009; Boyle et al., 2017; Romero Navarro et al., 2017) . We call genes that fall in this category 'minions'.
Obviously, those categories are not mutually exclusive, and all of them may have played important roles during plant domestication. It is nevertheless important to understand to what extent they contributed to domestication. This may further our insight of evolution in general, but also may determine which future crop improvement approaches might be likely to succeed. Clearly, cases exist where direct alterations in enzymatic functions having been highly important during domestication. One especially prominent example is the WAXY gene from rice (Oryza sativa) that encodes a starch synthase. A point mutation in WAXY leads to a reduced activity of the starch synthase, resulting in starch with higher amounts of amylopectin, which eventually is responsible for increased stickiness of rice after boiling, a trait that is preferred in Southeast Asia as opposed to the non-sticky rice predominant in India (Wang et al., 1995; Meyer and Purugganan, 2013) .
Nevertheless, though structural genes certainly played an important role during plant domestication, a substantial portion of the domestication genes identified so far are transcriptional regulators. Different overviews provided in the literature indicate that 43-81% of domestication genes encode transcriptional regulators (Doebley et al., 2006; Lenser and Theißen, 2013; Meyer and Purugganan, 2013; Martínez-Ainsworth and Tenaillon, 2016; Swinnen et al., 2016) . Given that genes encoding transcription factors make up only ~5% of protein-coding genes in land plant genomes (Table 1) , transcription factor genes seem to be preferred as targets of selection and domestication over other gene classes, at least when genes of large effect are considered (but see Box 1 on minions). This is in line with decades of developmental genetics research showing that flowering plant development and plant morphology are to a large extent controlled by transcription factors (Hay and Tsiantis, 2010; Melzer and Theißen, 2011; Smaczniak et al., 2012) . As many traits that were the target of selection during domestication are rather complex, often involving altered plant development and morphology (e.g. seed size, seed shattering, apical dominance, seed dormancy, and flowering time; Doebley et al., 2006) , it might not be unexpected that transcription factors are among the primary targets during the domestication process. As transcription factors usually orchestrate the activity of numerous other genes, their alteration can potentially modify an entire suite of characters, leading to drastic phenotypic changes in relatively short time scales (see Hillman and Davies, 1990; Kantar Grimplet et al. (2016) et al., Stetter et al., 2017 for a general discussion on domestication time scales). The importance of transcription factors as masterminds of domestication notwithstanding, it is also important to note that some traits might be controlled by a large number of 'minion' genes (Box 1). The relevance of this gene class for crop domestication is subject to ongoing discussions, and they might well be the main contributors during domestication for a number of traits (Stetter et al., 2017) . In other cases, large effect loci (i.e. masterminds or superheroes) might have been selected first, and trait refinement and the suppression of negative pleiotropic effects may have been brought about by minions (Box 1) (Lai et al., 2017) .
Primus inter pares: MADS-domain transcription factors are master regulators of plant development
Among the many transcription factor families present in flowering plant genomes, one that stands out are the MADSdomain proteins. MADS is an acronym derived from the four founding members of the family: MCM1 from Saccharomyces cerevisiae (baker's yeast), AGAMOUS (AG) from Arabidopsis thaliana, DEFICIENS (DEF) from Antirrhinum majus (snapdragon), and SRF from Homo sapiens . The first plant MADS-box genes to be isolated were homeotic selector genes with important roles in flower development Causier et al., 2010) . The term 'homeosis' was coined by William Bateson and describes the replacement of an organ or structure that normally develops elsewhere ('something has been changed into the likeness of something else') (Bateson, 1894) . Lossof-function mutations in DEF or its Arabidopsis orthologue APETALA3 (AP3), for example, lead to flowers in which sepals instead of petals and carpels in place of stamens develop (Bowman et al., 1989; Sommer et al., 1990; Jack et al., 1992) . Those early discoveries spurred considerable evolutionary and developmental genetic interest in MADS-box genes. It soon became clear that the floral homeotic genes are just the tip of the iceberg of one of the largest transcription factor families in flowering plants. The Arabidopsis genome encodes 107 MADS-box genes (Parenicová et al., 2003) , and similar numbers have been identified in other plants, including crops (Table 1) . Many of those genes are master regulators of developmental processes. Beyond their critical role in flower development, MADS-box genes are important for flowering time control, inflorescence architecture, pollen development, seed/fruit development, and root development (reviewed by Gramzow and Theissen, 2010; Smaczniak et al., 2012) . Another important aspect is that MADS-box genes form distinct, phylogenetically highly conserved subfamilies ( Fig. 1) (Theißen et al., 1996) . Indeed, a large number of those subfamilies are conserved throughout seed plant evolution (Gramzow and Theißen, 2015) . Moreover, genes within one subfamily often have related functions (Theißen et al., 1996; Becker and Theißen, 2003) . For example, virtually all flowering plant genomes contain at least one AP3 orthologue, and those genes have been shown to be important for petal and stamen development in numerous plants (Rijpkema et al., 2010; Gramzow and Theißen, 2015; . Likewise, SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) is involved in flowering time control in the eudicot Arabidopsis, and its orthologues also function in this pathway in the distantly related monocot rice (Samach et al., 2000; Lee et al., 2004; Ryu et al., 2009) .
However, MADS-box genes also frequently underwent gene duplications, leading to subfunctionalization and Box 1. The power of the masses: the contribution of minions to crop domestication For decades, plant scientists have been trying to identify the major genes involved in crop domestication, and this yielded some spectacular successes (reviewed by Doebley et al., 2006; Lenser and Theißen, 2013; Meyer and Purugganan, 2013) . Nevertheless, it is also clear that many domestication traits are quantitative in nature, with many different genes contributing to the phenotype (Lai et al., 2017; Romero Navarro et al., 2017) and that even very strong domestication genes usually contribute only a fraction to the overall phenotypic output (Stetter et al., 2017) . Recent analyses from humans suggest that some traits are controlled by a huge number of different loci; in the case of height >100 000 SNPs may contribute to height differences, most of them with very small effects (Boyle et al., 2017) . Based on this, an omnigenic model was proposed. According to this model, complex human diseases are influenced by all genes that are expressed in the disease-relevant cells (Boyle et al., 2017) . It is currently not clear to what extent this model can be applied to various traits and organisms, but, given the quantitative nature of many plant domestication traits, it seems likely that a considerable amount of the heritability of at least some traits is controlled by a vast number of genes, and experimental data concerning, for example, flowering time in maize support this notion (Buckler et al., 2009; Romero Navarro et al., 2017) . In other cases, however, traits may be mainly controlled by few genes with large effect, as is the case for flowering time in Arabidopsis (Sasaki et al., 2017) . It will be interesting to see what the genetic basis for the variation in other characteristics is. However, it should be kept in mind that the identification of 'core genes' that contributed strongly to the domestication phenotype might be possible, but that potentially hundreds or thousands of genes of small effect are also involved. It has been proposed that the core genes with large effects in different species might be orthologues of each other and that numerous additional small effect genes might have been selected during domestication to alleviate negative pleiotropic consequences of the large effect variants (Lai et al., 2017) . One challenge of targeted crop improvement programmes might thus be to identify or create large effect alleles that bring about the desired trait change without negative pleiotropic consequences.
redundancy (Airoldi and Davies, 2012) . Whereas AG, for example, is involved in male and female reproductive development, the closely related paralogues SHATTERPROOF1 (SHP1) and SHP2 predominantly function in ovule development (Pinyopich et al., 2003) . The functional divergence within the AG subfamily is at least partly due to alterations in expression patterns of the genes. SHP1 and SHP2 are expressed specifically in the ovule and determine ovule identity (Pinyopich et al., 2003) . However, in transgenic ag mutants that overexpress SHP1 and SHP2, stamen and carpel development is restored, indicating that the SHP1 and SHP2 proteins can potentially function to control male and female reproductive organ identity.
In contrast, two genes involved in controlling floral meristem identity, APETALA1 (AP1) and CAULIFLOWER (CAL), have similar expression patterns yet differ functionally. AP1 and CAL are partially redundant to each other (Kempin et al., 1995) . Whereas ap1 mutants show strong defects in floral meristem identity and floral organ identity, cal mutants have a largely wild-type-like phenotype, but double mutants of ap1 and cal show strongly enhanced defects in meristem identity, producing a typical 'cauliflower' phenotype (Irish and Sussex, 1990; Mandel et al., 1992; Kempin et al., 1995) . Protein-protein interaction analyses and domain-swap experiments indicate that the functional difference between CAL and AP1 is partly due to differences in the coding sequence of the two proteins that result in different interaction partners (Alvarez-Buylla et al., 2006; Rijpkema et al., 2007) . Importantly, recent data indicate that especially the prominent function of AP1 during floral organ determination is also due to differences in expression patterns between AP1 and CAL (Ye et al., 2016) , illustrating that cis and trans differences together contributed to the divergence of MADS-box gene function.
Taken together, the general trend is that genes belonging to the same MADS-box gene subfamily have broadly similar Gramzow et al. (2014) and Zhao et al. (2017) . Subclades are named according to their founding members (Becker and Theißen, 2003) . A few selected examples of Arabidopsis genes belonging to the respective subclade are shown in the centre. Exemplary developmental functions of the clade members are depicted on the right. functions (Fig. 1) , but gene duplications and subfunctionalization shaped the functions of individual genes to a considerable extent within this 'functional space' of a subfamily. Exceptions do exist, of course, and potential neofunctionalizations have also been described (Schilling et al., 2015; S. Zhang et al., 2015) .
Together with those phylogenetic considerations, the fact that MADS-box genes are ubiquitously involved in flowering plant development makes them ideal candidates to study their involvement in flowering plant domestication and their potential for further plant improvement. Although the evolution of MADS-box genes and their contribution to the evolution and diversification of flowering plants have been the subject of intense research during the past 25 years (reviewed by Smaczniak et al., 2012; , comparatively little attention has been paid to the potential role of MADS-box genes in domestication and for future plant improvement. In the following, we provide examples showing that MADS-box genes have significantly contributed to flowering plant domestication (Fig. 2) . We further discuss how this knowledge as well as new technological developments can help to utilize MADS-box genes efficiently in future breeding efforts.
Winter is coming: MADS-box genes and the modulation of vernalization and flowering time
Vernalization describes the ability to promote flowering after prolonged exposure to cold (i.e. winter) (Kim et al., 2009) . It is a mechanism to 'sense' winter: because flowering is blocked unless the plant is exposed to cold temperatures, vernalization ensures that plants will not flower in autumn but rather under more favourable conditions in spring. Vernalization probably evolved as adaptation to seasonal cold in many flowering plants (Preston and Sandve, 2013) . Differences in vernalization sensitivity also play a major role in crops, as spring cultivars (sown in spring) are usually not vernalization sensitive whereas winter cultivars (sown in autumn) are (Amasino, 2004) . This allows adjustment of the flowering time to local climatic conditions and has contributed to the global distribution of, for example, wheat (Triticum aestivum) (Richards, 2000) . Vernalization has therefore been the target of artificial selection during the domestication of monocot as well as eudicot crops. In both groups, MADS-box genes are playing a key role during vernalization (Table 2) (Hemming and Trevaskis, 2011; Andrés and Coupland, 2012; Preston and Sandve, 2013) .
FLOWERING LOCUS C (FLC) is a MADS-box gene that acts as a major regulator of flowering time in Arabidopsis. It is most highly expressed in the vegetative apex, where it acts as a central repressor of floral transition (Michaels and Amasino, 1999) . FLC inhibits flowering by directly repressing the activity of central flowering promoters, namely SOC1, FLOWERING LOCUS D (FD), and FLOWERING LOCUS T (FT) in Arabidopsis thaliana (Amasino and Michaels, 2010) . The repression of FLC is lifted through exposure to prolonged cold, hence FLC expression levels decrease in response to vernalization. This in turn permits the up-regulation of genes that promote flowering (Michaels and Amasino, 1999) . Repression of FLC is maintained through epigenetic modifications of the chromatin structure at the FLC locus (Bastow et al., 2004; Kim and Sung, 2014; Whittaker and Dean, 2017) . Since FLC is a repressor of floral transition (Sheldon et al., 1999) , genetic variation of FLC activity can alter or eliminate the requirement for vernalization of different Arabidopsis ecotypes (Amasino and Michaels, 2010) . Similarly, variation in FLC orthologues in eudicot crop species have very probably been instrumental to adapt crops to different climatic conditions and to meet specific breeding goals (Kakizaki et al., 2011; Hou et al., 2012) . The role of FLC genes has been studied particularly extensively in Brassica species. This is a phenotypically very diverse genus that comprises leaf vegetables such as Chinese cabbage (Brassica rapa ssp. pekinensis), root vegetables such as turnip (Brassica rapa ssp. rapa), inflorescence vegetables such as broccoli (Brassica oleracea var. italica), as well as cultivars such as oilseed rape (Brassica napus) and field mustard (Brassica rapa ssp. oleifera) that are grown for their oil-rich seeds.
In leaf vegetables such as Chinese cabbage, early flowering (bolting) diminishes the quality of the crop (Kakizaki et al., 2011) . Thus, the aim is to identify cultivars in which flowering is not induced even if cold treatment is applied (Kakizaki et al., 2011; Hou et al., 2012) . In contrast, when Brassica crops are grown for their seeds, complete blocking of flowering is not suitable. Rather, the aim is to produce winter-and spring-type varieties that enable growth and seed production under different environmental conditions and that enable the adjustment and acceleration of growth cycles (Hou et al., 2012; . Intriguingly, FLC orthologues have been implicated in flowering time variation among cultivars in all of these cases.
Four FLC orthologues (BrFLC1, BrFLC2, BrFLC3, and BrFLC5) have been identified in B. rapa, and variations in at least some of them contribute to differences in flowering times in different cultivars (Schranz et al., 2002; Yuan et al., 2009; Kakizaki et al., 2011; Hou et al., 2012; Xiao et al., 2013; Dong et al., 2016) . For example, BrFLC1 co-localizes with a quantitative trait locus (QTL) for late bolting in Chinese cabbage (Kakizaki et al., 2011) . The expression of BrFLC1 was still detectable after a prolonged cold period of 7 weeks in a late-bolting line, while it was discontinued in an earlybolting lineage. The polymorphisms probably responsible for the late-bolting phenotype are single nucleotide polymorphisms (SNPs) at exon-intron borders, leading to alternative (Yuan et al., 2009) . In contrast to the important role of BrFLC1 in vegetable-type B. rapa variants, an indel at the exon 4-intron 4 border of BrFLC2 is correlated with earlier flowering in oil-type rape variants of B. rapa (Wu et al., 2012) . This suggests that flowering time variation might have been independently selected for in different subspecies of B. rapa (Wu et al., 2012) . However, BrFLC2 still is a major regulator of flowering time control and bolting also in vegetable-type B. rapa (Xiao et al., 2013) . Variation in an FLC-like gene is also involved in the distinction of spring-versus winter-type B. napus. In this case, a gain-of-function mutation conferred by the insertion of a MITE transposable element upstream of the BnFLC10 gene has contributed strongly to the vernalization requirement in winter varieties of rapeseed (Long et al., 2007; Hou et al., 2012) .
Variations in FLC orthologues are also responsible for flowering time variation in B. oleracea (purple sprouting broccoli), a close relative of B. rapa. Specifically, non-coding polymorphism in the BoFLC4 gene (termed BoFLC2 in Okazaki et al., 2007; Ridge et al., 2015) cause heading date variation in different broccoli accessions (Irwin et al., 2016) . The comparison of two different BoFLC4 alleles showed that while they were both functional and conferred a vernalization requirement, they exhibited distinct expression response patterns during vernalization periods due to cis polymorphisms (Irwin et al., 2016) . In contrast, the early flowering of a nonvernalization-sensitive broccoli variant (B. oleracea cv. Green Comet) is likely to be caused by a frameshift-induced premature stop codon in BoFLC4 (Okazaki et al., 2007; Ridge et al., 2015) .
Taken together, it is evident that a number of molecular changes in FLC orthologues contributed to differences in vernalization sensitivity and flowering time in Brassica. FLC is known to act in a dosage-dependent manner in Arabidopsis (Michaels et al., 2005) , and the presence of several FLC paralogues in Brassica probably facilitated a fine-tuning of FLC function during domestication.
FLC has a closely related paralogue in Arabidopsis, designated FLOWERING LOCUS M (FLM), which can act as a floral repressor when expressed constitutively to high levels in transgenic plants and is down-regulated in vernalized plants (Ratcliffe et al., 2003) . BrFLM from B. rapa has been reported to be responsible for the late bolting of a cultivar of Chinese cabbage (B. rapa ssp. chinensis NHCC004) but not other cultivars, suggesting independent artificial selection once again (Song et al., 2014) .
FLC orthologues have been identified in grasses as well, after having been misidentified as type I MADS-box genes earlier (Ruelens et al., 2013) . They have been termed ODDSOC1 and ODDSOC2 in barley (Hordeum vulgare) (Greenup et al., 2010) . ODDSOC2-like MADS-box genes are, like their Arabidopsis orthologues, floral suppressors that are down-regulated during a prolonged period of cold and are most likely to function in a similar manner to FLC in Arabidopsis (Greenup et al., 2010) . ODDSOC2 possibly has contributed to an adaptive mechanism by which different cereal populations have acquired their distinct vernalization requirements (Sharma et al., 2017) . ODDSOC2 homologues in wheat, TaAGL22 and TaAGL33, also display similar responses to vernalization and show distinct expression patterns between spring and winter varieties (Winfield et al., 2009; Sharma et al., 2017) .
Beyond those orthologues of FLC, vernalization in grasses is largely governed by a set of VERNALIZATION (VRN) genes, termed VRN1, VRN2, VRN3, and VRN4 in wheat, two of which, VRN1 and VRN4, are MADS-box genes (VRN2 and VRN3 are not MADS-box genes and thus not discussed further here; for a review, see Greenup et al., 2009) . VRN1 is a key regulator of flowering time in cereals with potentially hundreds of target genes (Deng et al., 2015) . VRN1 is not an FLC orthologue; instead it is orthologous to the floral homeotic gene AP1 from Arabidopsis (Yan et al., 2003) . To complicate matters further, VRN1 from wheat is not related to the Arabidopsis gene VRN1, which encodes a plant-specific DNA-binding protein with no MADS-domain (Levy et al., 2002) . The cereal VRN1 gene responds quantitatively to a prolonged period of cold, but opposite to FLC its expression increases during vernalization (Yan et al., 2003) . VRN1 further specifies inflorescence meristem identity and accelerates the transition to reproductive development by rendering the plant responsive to long days through the de-repression of the long-day flowering pathway in leaves (Hemming et al., 2008) .
Deletions of transcriptional repressor sites within the first intron of the VRN1 genes of wheat and the respective orthologue from barley (HvVRN1) have been shown to be associated with a loss of vernalization requirement in spring varieties of both crops (Fu et al., 2005; von Zitzewitz et al., 2005) . The loss of the repression sites at the VRN1 locus leads to a constant expression of VRN1 and thus early flowering of the plants. Different mutations in regulatory regions of VRN1 have led to a wide variety of vernalization requirements in wheat and barley accessions (Trevaskis et al., 2003; Hemming et al., 2008; Dondup et al., 2016) .
QTLs responsible for flowering time control are correlated with the VRN1 orthologue of perennial ryegrass (Lolium perenne) LpVRN1 (also termed LpMADS1) (Jensen et al., 2005; Andersen et al., 2006) . Perennial ryegrass is not only widespread on lawns and in natural environments but is also important as a forage and pasture plant (Wilkins and Humphreys, 2003) . Just as in wheat and barley, the first intron of LpVRN1 seems to play a key role in terms of vernalization requirement (Asp et al., 2011) . Intriguingly, the presence/absence of a transposable element determines the vernalization requirement of the varieties investigated; however, other cis-regulatory polymorphisms in the first intron of LpVRN1 also probably contribute to vernalization regulation (Asp et al., 2011) .
Interestingly, VRN1 and its barley orthologue have recently been shown to regulate not only flowering time, but also root development and architecture in wheat and barley (Voss-Fels et al., 2017) . Differences in root architecture seem to be associated with 'winter' and 'spring' alleles of VRN1 (Voss-Fels et al., 2017) .
The second VRN MADS-box gene in wheat, VRN4, is derived from VRN1 via gene duplication (Kippes et al., 2015) . VRN4 is not present in all wheat accessions; it is most prevalent in South Asian accessions of Triticum aestivum ssp. sphaerococcum (Kippes et al., 2015) . VRN4 is associated with a spring growth habit (i.e. reduces the vernalization requirement) and may thus be useful to breeders for modulating the vernalization response (Kippes et al., 2015) .
Many tree species also evolved adaptations to seasonal climate and undergo a dormant phase starting in autumn, and a cold treatment is usually required to break bud dormancy and continue growth in spring (Horvath, 2009 ). Similar to vernalization requirements, bud dormancy is important to prevent frost damage during winter and to adjust flowering times (Horvath, 2009) . From an agricultural perspective, fruit trees that are adapted to the local climatic conditions with respect to requirements to break dormancy are important for optimal fruit production (Jiménez et al., 2010) . Furthermore, increased winter temperatures due to global warming may have a negative influence on bud break and flowering (Luedeling et al., 2009) . Together, this has stimulated considerable research in the genetics of bud dormancy (Cooke et al., 2012) .
The physiological similarities between dormancy and vernalization led to the hypothesis that similar molecular mechanisms govern the two processes (Horvath, 2009 ). Indeed, FLC-like genes also seem to play a role in bud break in apple (Porto et al., 2015) . However, a more prominent role is attributed to another group of MADS-box genes, termed DORMANCY ASSOCIATED MADS-BOX (DAM) genes (Bielenberg et al., 2008; Saito et al., 2013; Mimida et al., 2015) . Interestingly, DAM genes belong to the same subfamily as SHORT VEGETATIVE PHASE (SVP) from Arabidopsis, which is involved in regulating flowering time (Srikanth and Schmid, 2011) . In Arabidopsis, the SVP protein physically interacts with FLC and is a major integrator of different flowering time pathways Mateos et al., 2015) .
Like FLC in Arabidopsis, DAM genes are repressors, however not of floral transitioning but rather of bud break. Hence, expression of DAM genes in peach is higher in cultivars with a high chill requirement prior to chilling while their expression levels reach a minimum in all cultivars when bud break competence is obtained (Jiménez et al., 2010) . In the peach variety 'evergrowing', all of the six tandem duplicated DAM genes are deleted, resulting in a loss of bud dormancy and therefore continuous growth without any chilling requirements (Bielenberg et al., 2004 (Bielenberg et al., , 2008 , a feature which is desirable for regions with a hot climate and without cold periods during the year.
In apple, major QTLs for chilling requirements are also associated with the loci of DAM genes (Allard et al., 2016) , suggesting that they have been playing a key role for fine-tuning flowering time during domestication and the adaptation to different climate zones.
Beyond traditional breeding approaches, transgenic technology has also been employed to modify flowering time. For example, natural antisense transcripts of BrFLC2 have been used transgenically to modify B. rapa growth cycles and to suppress vernalization requirements (X. . Orthologues of the Arabidopsis floral integrators FRUITFULL (FUL) and AP1 have also been used in transgenic approaches to alter flowering time. MADSB, the FUL orthologue from mustard (Sinapsis alba), has been successfully overexpressed in B. napus, resulting in a decreased vernalization requirement of winter rape (Chandler et al., 2005) . Further, the FUL orthologue from silver birch (Betula pendula) BpMADS4 was successfully expressed in apple to shorten the juvenile stage (Flachowsky et al., 2007) . Heterologous overexpression of AP1 in citrus trees resulted in very early flowering after only 1 year without altering floral architecture (Peña et al., 2001 ).
Home improvement: MADS-box genes modulating inflorescence and plant architecture A change in overall plant architecture can be a very desirable trait during the domestication process. The selection for specific inflorescence architectures has been widely exploited to increase yield in a variety of crops (Table 2) (Doebley et al., 1997; reviewed in Meyer and Purugganan, 2013) .
Probably the most prominent examples in eudicots for this kind of 'architectural re-shaping' are broccoli (B. oleracea ssp. italica) and cauliflower (B. oleracea ssp. botrytis). The cauliflower head is composed of a dense mass of inflorescence and floral meristems that are arrested very early during their development (Carr and Irish, 1997) . In broccoli, the developmental arrest is at a later stage and the inflorescence develops into a large dense structure, but immature flower buds are formed eventually (Carr and Irish, 1997) . The transition between cauliflower and broccoli is not sharp, with many intermediate cultivars available and the phenotype of individual cultivars also depending on the growth temperatures (Smith and King, 2000; Labate et al., 2006; Duclos and Björkman, 2008) . In Arabidopsis, MADS-box genes are key regulators of floral meristem identity, and double mutants in the two closely related MADS-box genes AP1 and CAL produce a mutant phenotype with striking similarity to cauliflower heads (Bowman et al., 1993; Kempin et al., 1995) . Molecular genetic and population genetic studies indicate that the function of the B. oleracea CAL (BoCAL) and probably also BoAP1 genes is compromised in broccoli and cauliflower. For example, many broccoli and cauliflower cultivars carry a BoCAL allele that contains a premature stop codon (Kempin et al., 1995; Lowman and Purugganan, 1999; Purugganan et al., 2000; Smith and King, 2000) . Most probably, specific nonsense alleles of BoCAL have been selected during domestication to generate a modified inflorescence structure and enable the consumption of floral buds, which are-although nutritious-usually not useful as a direct human food source. It is currently unclear to what extent BoCAL and BoAP1 genes also contribute to the phenotypic difference between cauliflower and broccoli (Labate et al., 2006; Duclos and Björkman, 2008) . However, several copies of AP1-like genes exist in B. oleracea (Lowman and Purugganan, 1999) and those, potentially together with other meristem identity genes, may be involved in the distinction between the two B. oleracea variants cultivated for their edible inflorescences.
Recently, the MADS-box genes JOINTLESS2 (J2), ENHANCER OF JOINTLESS2 (EJ2), and LONG INFLORESCENCE (LIN) from tomato (Solanum lycopersicum) were described as being exploitable for generating branched tomato inflorescences without compromising yield, an obstacle encountered by breeders for decades (Soyk et al., 2017) . J2, EJ2, and LIN are SEPALLATA1 (SEP1)-like genes, a subfamily whose members are involved in controlling meristem identity as well as floral organ identity. Branching of tomato inflorescences was regarded as an undesirable trait because of a high percentage of aborted flowers leading to low yield. However, by combining different mutant alleles from J2, EJ2, and LIN, branching can be modified in a gene dosage-dependent manner, and Soyk et al. (2017) could obtain weak branching phenotypes that have a higher rate of fruit production in comparison with control plants, thus increasing overall yield.
Beyond inflorescence branching, shoot branching (tillering) is another important trait that is the target of breeding efforts (Sreenivasulu and Schnurbusch, 2012) . In the cultivated rice O. sativa, the AGL17-like MADS-box gene OsMADS57 was reported to be influencing tillering of the rice plants (Guo et al., 2013) . A truncated version of OsMADS57 lacking the C-terminal domain caused excessive tillering of the respective mutant rice plant, enhancing flower numbers and grain yield. The authors suggest that a better understanding of the network regulating rice plant tillering could benefit breeding and plant engineering processes. The transgenic expression of the SEP1-like gene OsMADS1 from rice under the control of the nopaline synthase (nos) promoter caused dwarfism and early heading in the transgenic plants (Jeon et al., 2000) . Hence, OsMADS1 might be another target for modulating plant architecture in rice, as well as flowering time.
A rose is a rose is a rose? MADS-box genes influencing floral architecture MADS-box genes are key regulators of floral organ identity. According to the ABCDE model, floral organs and ovules are specified by the combinatorial interaction of five different gene classes: sepal identity is determined by class A genes; petal identity by the combined activity of class A and class B genes; stamens are specified by class B and class C gene activity; carpels by class C genes; and ovule identity is conferred by class D genes. All floral organs and ovules require class E gene function (Theißen, 2001; Theißen and Melzer, 2007) . The A function is probably not well conserved outside Arabidopsis and close relatives (Litt, 2007; Theißen and Parcy, 2016; Ye et al., 2016; Morel et al., 2017) , and a phylogenetically more comprehensive model suggests an (A) function that comprises A and E class genes as determining a floral ground state as well as the identity of the sterile outer whorl organs (Fig. 3) (Causier et al., 2010; Wu et al., 2017) . Similarly, because the C and D function cannot always be strictly distinguished from each other, a (C) function was proposed that comprises C+D . Almost all of the floral homeotic genes belonging to the classes (A), B, and (C) encode MADS-domain transcription factors. In Arabidopsis, the floral homeotic MADS-box genes are AP1, SEP1, SEP2, SEP3, and SEP4 [class (A)]; AP3 and PISTILLATA (PI) (class B); and AG, SHP1, SHP2, and SEEDSTICK (STK) [class (C)] (Yanofsky et al., 1990; Jack et al., 1992; Mandel et al., 1992; Goto and Meyerowitz, 1994; Pelaz et al., 2000; Pinyopich et al., 2003; Ditta et al., 2004) . Loss-of-function mutations in the floral homeotic genes lead to drastic phenotypes. For example, mutations in AG result in double flowers in which stamen and carpel primordia are replaced by primordia that initiate petals and sepals (Bowman et al., 1989) . As the determinacy of the flower is also disturbed in AG mutants, this pattern is reiterated multiple times, leading to visually attractive flowers composed of lots of petals (Bowman et al., 1989) . Such phenotypes are especially important for horticultural purposes (Table 2) , and loss-of-function mutations in AG-like MADS-box genes have been shown to be responsible for double flowers in ornamental varieties of rue-anemone (Thalictrum thalictroides) and Japanese cherry (Prunus lannesiana) (Galimba et al., 2012; Liu et al., 2013) . In other double flower varieties of, for example, rose, Camellia, and lily, the expression domain of AGlike genes is restricted, indicating that a reduction of AG-like gene functions contributes to the double flower phenotype, but the underlying molecular cause remains to be determined (Dubois et al., 2010; Akita et al., 2011; Sun et al., 2014) . Especially in roses, breeders have exploited an instability and relocatability of the expression domain of the rose AG-like gene several times independently during the course of rose domestication (Dubois et al., 2010) .
The importance of AG-like genes for reproductive development is also used in transgenic approaches. The downregulation of the AG orthologues in apple, MdMADS15 and MdMADS22, via RNAi resulted in ornamentally attractive flowering trees (Klocko et al., 2016) . Silencing the AG orthologues led to homeotic conversion of stamens into petaloid organs, and thus an overall reduction in anther number. Also, the remaining anthers produced a greatly decreased amount of viable pollen, lowering the chance of transgene contamination. While still bearing apple fruits, the amount of viable seeds was also highly reduced due to the lowered expression of the (C)-function genes (Klocko et al., 2016) . The absence of mature seeds might help to extend the shelf life of the fruits (reviewed by Pandolfini, 2009 ) and is also interesting for the juice and cider industry, because the seeds contain unwanted compounds such as cyanides (Bolarinwa et al., 2015) .
Seedlessness and male infertility in apples have also been observed in mutants of the PISTILLATA orthologue MdPI (Yao et al., 2001) . In this case, flowers possess a typical class B mutant phenotype with additional sepals (in place of petals) and carpels (in place of stamens). Because bees usually do not pollinate apple flowers lacking petals, seeds do not develop. Fruit development still proceeds, however, yielding seedless fruits with the potential benefits described above (Yao et al., 2001) .
Male sterility and a general prevention of outcrossing is also a desired trait for cereal species to avoid gene flow to wild relative species, especially when it comes to genetically modified plants. A mutation of the stamen-specific AG-like gene OsMADS3 induces male sterility in the respective rice plants (L. . This can possibly be advantageous for gene containment but also breeding, since male sterility in rice ensures outcrossing and therefore is regarded as an efficient tool for avoiding time-consuming hand crossing (Fujimaki, 1979) .
One possible way to achieve gene containment while simultaneously keeping male fertility is to prevent the rice flower from opening, namely creating a closed flower phenotype (cleistogamy) and facilitating self-pollination. Cleistogamy might also be advantageous as a defence against plant pathogens that infect the flower (Parker, 1992) . In a wild type rice flower, small organs termed lodicules swell during flowering, thereby pushing the outer sterile glumes (palea and lemma) apart to open the flower. The lodicules are two fleshy organs outside the stamen whorl (Fig. 3) and are most probably homologous to the petals of non-grass angiosperms (Whipple et al., 2007; Yoshida, 2012) . Though morphologically very dissimilar to petals, the gene regulatory circuits controlling petal and lodicule identity are at least partially conserved, with AP3-and PI-like genes being of critical importance (Ambrose et al., 2000; Nagasawa et al., 2003; Yao et al., 2008) . Analogous to Arabidopsis, complete loss-of-function mutations in the rice orthologue of AP3, SUPERWOMAN1 (SPW1, also termed OsMADS16), lead to homeotic conversions of stamens to carpels and lodicules to palea-like organs (Nagasawa et al., 2003) . However, mutant alleles of SPW1 can cause a range of phenotypic alterations including male sterility and cleistogamy, depending on the severity of the allele (Nagasawa et al., 2003; Yoshida et al., 2007; Ohmori et al., 2012; Lombardo et al., 2017) . The weak mutant alleles superwoman1-cleistogamy1 (spw1-cls1) and superwoman1-cleistogamy2 (spw1-cls2) contain point mutations in the coding sequence of the MADS-domain (the DNAbinding domain). This alters the protein-protein interaction (in the case of spw1-cls1) and DNA binding abilities (in the case of spw1-cls2) of the SPW1 protein (Yoshida et al., 2007; Lombardo et al., 2017) . The mutations result in an alteration of lodicule morphology such that they cannot push the palea and lemma apart anymore, eventually leading to cleistogamy. Importantly, however, the identity of the stamens in the third whorl remains largely unaltered. These mutations are a candidate resource for transgene containment and for breeders who are interested in a high purity of their cultivars.
In tomato, it might have been the desire for attractive fruits that involved a change in sepal morphology. As fruits became larger, breeders probably also selected for a larger calyx (sepals), either due to aesthetic value or to improve fruit support. During domestication, this trait was brought about by a mutation in a SEP1-like gene, ENHANCER OF JOINTLESS2 (EJ2) (Soyk et al., 2017) .
Tutti frutti: fruit and seed development, yield, ripening, and shattering Fruit and seed enhancement has been one major scope of plant domestication and breeding, since more often than not fruits and seeds are the desired end-product of agriculture and therefore the part of the plant that is commercially interesting. Modifications of fruits and seeds during domestication and breeding include enlargement of fruits or seeds, decrease of seed size or seedlessness (in case the fruit is the desired crop), a loss of seed or fruit shattering, a delay in fruit ripening, and a longer shelf life.
MADS-box genes play a key role during fruit and seed development, and, therefore, intentionally or unintentionally, have been targeted numerous times in the domestication and breeding process ( Table 2 ). The Arabidopsis genes SHP1, SHP2, and STK are MADS-box genes closely related to AG, with a specific expression pattern restricted to the developing female reproductive organs and fruits Pinyopich et al., 2003) . All three genes redundantly specify ovule identity, and their combined loss of function (i.e. stk shp1 shp2 triple mutants) results in aborted or missing seeds in Arabidopsis (Pinyopich et al., 2003) .
Seedlessness is a highly desired trait in fleshy fruits such as grapes (Vitis vinifera). Indeed, diminished expression of the STK orthologue VviAGL11, potentially caused by an elongated single sequence repeat in the promoter region of the gene, is most likely to be the cause of the seedlessness of different grape varieties (Mejía et al., 2011) . Genetic characterization of the VviAGL11 locus enables wine farmers and breeders to evaluate plants before their reproductive stage, since the length of the repeats is inversely correlated with the degree of seed development in the grapes (Roberts et al., 2002; Bergamini et al., 2013; Ocarez and Mejía, 2016) . STK orthologues from a variety of plant species might be a valuable target for seed reduction. For example, expression levels of the STK orthologue from tomato, SlyAGL11, are positively correlated with the degree of seed development; hence genetic silencing of SlyAGL11 resulted in seedless tomato fruits (Ocarez and Mejía, 2016) .
The oil palm Elaeis guineensis is one of the major oil crops. The oil is derived from the mesocarp, a fleshy layer of the fruit surrounding a lignified shell which in turn surrounds the kernel. The oil palm fruit comes in three different forms that differ in the size of the shell, namely dura with a thick shell, pisifera (shell-less), and tenera (thin shelled) (Singh et al., 2013) . Pisifera palms are not suitable for oil production as they are usually female sterile and set few fruits. Tenera is a hybrid between pisifera and dura and yields much more oil than dura because the mescocarp is thicker and the shell is thinner. The differences in fruit form are controlled by SHELL, an orthologue of STK (Singh et al., 2013) . Whereas dura palms possess a functional SHELL gene, the pisifera SHELL alleles carry a mutation in the MADS-domain that probably compromises the function of the SHELL protein (Singh et al., 2013; Ooi et al., 2016) . The tenera hybrid plants carry one wild-type-like and one mutant SHELL allele, and thus constitute an impressive example of single-gene heterosis, where heterozygosity at a single locus enhances oil yield as compared with both parents (Singh et al., 2013) . This again illustrates the importance of gene dosage effects in plant breeding. Whereas STK from Arabidopsis functions mainly during ovule and seed development, SHELL is involved in fruit development and thus represents an interesting example for the abundant subfunctionalization occurring in the subfamily of AG-and STK-like genes (Dreni and Kater, 2014) . This example also illustrates that knowledge on MADS-box gene functions from a diversity of plants is an important component for future targeted breeding efforts using MADS-box genes.
Another MADS-box gene was also recently discovered to be an important factor in oil plant cultivation. Palms grown by micropropagation from cell cultures often show somaclonal variation and display floral homeotic phenotypes that are reminiscent of ap3 loss-of-function mutations (Ong-Abdullah et al., 2015) . The flowers often develop pseudocarpels and abortive fruits, and oil yield is very low. This is a substantial problem for oil palm breeding, as micropropagation of clonal individuals presents a potentially powerful means to produce large numbers of elite hybrids (Ong-Abdullah et al., 2015; Yan, 2017) . This aberrant floral phenotype is under epigenetic control, and it is associated with hypomethylation of a retrotransposon in the intron of EgDEF1, an AP3 orthologue. The hypomethylation leads to aberrant splicing, which probably causes the development of pseudocarpels and irregular fruits (Ong-Abdullah et al., 2015) .
The identification of SHELL and EgDEF1 as major factors influencing oil palm yield enables the development of genetic and epigenetic tests for palm seedlings prior to their reproductive state to eliminate non-tenera contaminations and plants carrying hypomethylated EgDEF1 alleles. This can be of high commercial advantage and may increase the sustainability and land use efficiency of the 'world's most hated crop' Yan, 2017) .
The Arabidopsis genes SHP1 and SHP2 are not only involved in ovule but also in fruit development. They redundantly control dehiscence of the Arabidopsis silique, namely the opening of the silique to release the seeds. In shp1 shp2 double mutants, the silique remains closed, leading to 'shatterproof' siliques Pinyopich et al., 2003) . The understanding of the genetic basis of seed shattering can be exploited for improving crop yield by reducing seed shattering, especially in species grown for their seeds, such as oilseed rape. RNAi-mediated down-regulation of the SHP1 orthologue BnSHP1 from oilseed rape resulted in an increase of resistance to pod shattering, therefore increasing the potential yield of the oil-bearing crop (Kord et al., 2015) .
One important corollary of many MADS-box genes is their highly specific expression pattern. This knowledge can be used to drive the expression of unrelated genes in desired organs and tissues. The cotton fibre, for example, is a highly elongated cell that originates from the ovule epidermis. The plant hormone auxin promotes fibre initiation. To increase auxin levels in the ovule, the promoter of the STK orthologue FBP7 from petunia, which drives ovule-specific expression, was used. The expression of the auxin synthesis gene iaaM under the FBP7 promoter resulted in a significant increase of cotton yield (Zhang et al., 2011) .
Beyond SHP and STK orthologues, FUL genes are also involved in fruit development. FUL is closely related to AP1 (Litt and Irish, 2003) and regulates cellular differentiation during fruit development as well as flowering time in Arabidopsis (Gu et al., 1998; Ferrándiz et al., 2000) . FUL is also a negative regulator of SHP1 and SHP2 and involved in fruit dehiscence (Ferrándiz et al., 2000) . Heterologous expression of the mustard FUL orthologue MADSB in B. napus resulted in decreased pod shattering, among other effects (see also section on vernalization) (Chandler et al., 2005) . Suppression of the two FUL orthologues in tomato, FUL1 and FUL2, results in highly delayed fruit ripening, most probably by means of reduced ethylene synthesis and decreased carotenoid accumulation . This demonstrates that ethylene biosynthesis and fruit ripening can be fine-tuned by altering the expression of MADS-box genes.
Another important trait in tomato breeding is the absence of a flower abscission zone. This is a joint-like region on the fruit stem that facilitates shedding of the fruit. If the abscission zone is present, the calyx remains attached to the ripe fruit and has to be removed post-harvest. The absence of an abscission zone is an important trait especially for processed tomato products and when large-scale harvesting machines are used, because it enables harvesting 'stemless' tomato fruits without calices (Mao et al., 2000; Elitzur et al., 2016) . Several MADS-box genes are involved in specifying the abscission zone in tomato (Mao et al., 2000; Roberts et al., 2002; Nakano et al., 2012; Liu et al., 2014) ; the most relevant one for plant breeding is probably JOINTLESS2 (J2), which is a SEP1-like gene and also has a function in meristem identity determination (see above) (Hileman et al., 2006; Liu et al., 2014; Roldan et al., 2017; Soyk et al., 2017) . The j2 mutation, which is caused by a transposon insertion in the first intron of the gene, is present in many jointless tomato lines and hence has substantial value in breeding programmes (Soyk et al., 2017) . Another MADS-box gene, JOINTLESS1 (J1, also named JOINTLESS), is closely related to the flowering time gene SVP from Arabidopsis and also shows a jointless phenotype when mutated (Mao et al., 2000; Hileman et al., 2006) . However, its value for breeding is limited as the inflorescences of j1 mutants also show reversions to vegetative development after producing only a few flowers (Mao et al., 2000; Soyk et al., 2017) .
Yet another tomato MADS-box gene, LeMADS-RIN, which belongs to the SEP1 subfamily as well, is involved in the fruit ripening process (Vrebalov et al., 2002) . The rin mutation has been used for commercial breeding because it prolongs the shelf life of tomatoes, which facilitates postharvest management and distribution of tomato fruits (Bai and Lindhout, 2007) . The originally described rin mutant possesses a deletion comprising the 3' end of the RIN gene and part of the promoter of MACROCALYX (MC), a FULlike MADS-box gene which is tandemly arranged with RIN (Vrebalov et al., 2002) . The mutant plants express a chimeric mRNA consisting of a 3'-truncated RIN transcript and the MC mRNA. MC is also expressed at a lower level in rin mutants since a part of the promoter is deleted, accounting for larger sepals and an insufficient fruit abscission in rin mutants (Vrebalov et al., 2002; Nakano et al., 2012) . Mutants bearing SNPs and short indels restricted to the coding sequence of RIN alone have been generated by a CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/ CRIPSR-associated protein 9) approach, and provide potential candidates for breeding tomato varieties with prolonged shelf life while simultaneously having a functional abscission zone and normal-sized sepals (Ito et al., 2015) .
The transgenic down-regulation of SEP homologues from banana and apple, MaMADS1 and MaMADS2, and MdMADS8 and MdMADS9, respectively, inhibited fruit ripening and prolonged shelf life of the fruits (Ireland et al., 2013; Elitzur et al., 2016) . Hence, SEP genes also play a role in fruit ripening in other climacteric (ethylene-sensitive) fruits. These studies suggest that the control of transcriptional activation of the ethylene biosynthesis pathway might be a common feature for SEP orthologues not only in eudicots but also in monocots (Elitzur et al., 2016) . Further, SEP orthologues are also involved in fruit development of non-climacteric (ethylene-insensitive) fruits such as strawberry (Seymour et al., 2011 (Seymour et al., , 2013 , pointing to SEP orthologues as a universal target when it comes to fruit ripening optimization.
Evidence that MADS-box genes have been targets of selection during domestication also comes for population genetic studies in maize (Q. Hufford et al., 2012) . Genomics scans revealed that the gene ZEA AGAMOUS-LIKE1 (ZAGL1) has been under selection during maize domestication (Q. . ZAGL1 is closely related to the flowering time gene SOC1 from Arabidopsis (Wills et al., 2017) . Interestingly, ZAGL1 seems not only to be influencing flowering time control but may also have contributed to an increase in the number of kernel rows in maize ears during domestication, thus increasing fruit and yield size (Wills et al., 2017) .
Pleiotropy and redundancy: opportunities in disguise
The examples outlined above show that MADS-box genes acting at numerous developmental stages have been involved in the domestication processes of many species, and a few common themes emerge. One important aspect is that in many cases genetic pathways have not been disrupted entirely but rather more subtle variations were introduced that allowed fine-tuning of the phenotype, as has also been observed for other genes (Swinnen et al., 2016) . This is exemplified in Brassica and tomato, where variation in FLC-like and SEP1-like genes led to modulation of flowering time and inflorescence architecture, respectively (Irwin et al., 2016; Soyk et al., 2017) . The fact that in many cases closely related, partially redundant paralogues of MADS-box genes control a pathway indicates that the potential for phenotypic fine-tuning is far from being completely exploited. In B. rapa, for example, at least four different FLC-like genes exist, at least two of which are involved in flowering time regulation (Schranz et al., 2002; Yuan et al., 2009; Xiao et al., 2013) . Combining different allelic variants from different FLC genes may enable adjustment of flowering time to a large variety of different climatic conditions. Similarly, combining different alleles from SEP1-like genes may allow fine-tuning of the tomato inflorescence (Soyk et al., 2017) . However, the pleiotropic effects of many MADS-box genes also pose a challenge: whereas mutations in the SEP1-like genes J2 and EJ2 in tomato had beneficial effects on their own (i.e. the jointless phenotype and larger sepals), the combination of both mutants was detrimental because they both also redundantly control flower and inflorescence development, and although j2/ej2 loss-of-function double mutants show strongly enhanced (and desired) inflorescence branching, increased floral abortion is observed at the same time (Soyk et al., 2017) . However, this and similar effects can probably in many cases be alleviated by carefully selecting allelic combinations that affect one but not the other trait (Fig. 4) (Soyk et al., 2017) .
Another observation is that many alleles act in a dosedependent manner. This is true for flowering time genes but also for genes controlling inflorescence identity and fruit development. An impressive example is SHELL in oil palms, where heterozygous individuals are superior to either homozygote in terms of oil production (Singh et al., 2013) . At a conceptual level, this adds to the possibilities to fine-tune the phenotypic output.
However, processes such as floral organ identity determination, in which MADS-box genes act more like molecular switches, may also be amenable to more subtle, gradual adjustments of the phenotype. Along those lines, the spw1-cls mutations show that the lodicule and stamen specification programmes exerted by SPW1 can be separated by specific coding sequence mutations, and that lodicule identity can be altered largely without affecting stamen development (Yoshida et al., 2007; Lombardo et al., 2017) . This is an approach that may warrant further research. Ongoing efforts in our lab, for example, aim to manipulate lodicule identity in wheat such that closed yet fertile flowers develop, which would constitute an efficient barrier against floral diseases such as Fusarium head blight.
Taken together, the partially redundant action of many MADS-box genes facilitates their use to fine-tune phenotypic outputs and, even if redundancy is not observed, mutations in the coding sequence that alter specific protein-protein or protein-DNA interactions (see below and Box 2) may enable us to separate different functional circuits. The observation that dosage sensitivity plays an important yet sometimes subtle role in controlling phenotypic outputs may also help to explain why some MADS-box genes exist in several paralogous copies in many flowering plants. For example, it was long assumed that the SEP genes in Arabidopsis are more or less completely redundant to each other (Pelaz et al., 2000) , which poses a conundrum as some of those genes have coexisted since the origin of the flowering plants (Pelaz et al., 2000; Zahn et al., 2005) . However, SEP genes in Arabidopsis may, similarly to their orthologues in tomato, control inflorescence and floral phenotypes in a dose-dependent manner (Ditta et al., 2004) , the full extent of which may only be revealed by detailed and quantitative analyses. In addition, the analysis of traits important for breeding in tomato also revealed the remarkable diversity of SEP gene functions (e.g. in specifying the abscission zone, controlling fruit ripening, inflorescence architecture, and floral organ development). This clearly shows that basic and more applied research questions can immensely benefit from each other and that the study of crop plants can provide important insights into the function and evolution of developmental regulators.
The taming of the masters: generating allelic diversity and targeted phenotypic manipulations With the profound influence that MADS-box genes have had during flowering plant domestication, one imminent question is whether we can use them in a targeted way to improve crops in the future. The high functional conservation of MADSbox genes and their comprehensive characterization in model and crop plants makes them ideal candidates for manipulating phenotypes in a predictable way. Indeed, the examples of successful transgenic manipulations outlined above exemplify that this is a promising approach. However, current targeted approaches have mainly been aiming to down-regulate particular genes more or less completely. Given the potential of fine-tuning phenotypic outputs, more subtle ways of MADSbox gene manipulation might be even more promising (Soyk et al., 2017) . One possibility to achieve this is modifying cisregulatory elements, for example using the CRISPR/Cas9 genome editing technique (Swinnen et al., 2016; Rodríguez-Leal et al., 2017) . Modification of cis-elements can lead to altered expression patterns and hence modify phenotypic outputs (Table 2) . Because the organization of promoters is modular, it has been argued that cis-regulatory modifications can affect gene expression in a highly targeted manner, for example altering the expression only during a specific developmental phase, in a specific tissue, or the specific level of Fig. 4 . Different strategies to use MADS-box genes for future crop improvement. Modifications of a SEP1-like gene are used as a putative example here. SEP1-like genes are expressed in the floral meristem, the developing flower, and the fruit, and may therefore contribute to inflorescence architecture, carpel and fruit development, and fruit ripening. Those different functions are presumably conferred by interactions of the SEP1 protein with different partners (AP1-like, AG-like, and FUL-like proteins) and by specific cis-regulatory modules that govern expression during specific developmental stages [indicated by If (inflorescence architecture), Ca (carpel and fruit development), and Fr (fruit ripening) in the gene structures]. Promoter modifications may inactivate specific cis-regulatory modules, leading to a decrease in SEP1 expression in the floral meristem and the fruit, while expression in the carpel remains intact. Hence, a plant with an increased inflorescence branching, unaltered fruit set, and delayed fruit ripening might be produced. Alternatively, the same phenotype might also be achieved by alterations in the coding sequence of SEP1 that specifically impede the interaction with AP1 and FUL, thereby altering inflorescence architecture and fruit ripening but leaving carpel development (interaction with AG) intact.
Box 2. The complexity of complexes: protein-protein and protein-DNA interactions of MADS-domain proteins
The dimerization network among MADS-domain proteins has been extensively characterized in a diversity of plants (reviewed by Kaufmann et al., 2005; Immink et al., 2010; Bartlett, 2017) . Beyond dimers, MADS-domain proteins also form tetrameric DNA-bound complexes that are proposed to be of key importance for several developmental processes . The tetrameric complexes are formed by two dimers bound in proximity to each other and by looping the DNA between the binding sites. According to the 'floral quartet' model, tetrameric complexes composed of floral homeotic proteins determine floral organ identity (Theißen, 2001; Theißen and Saedler, 2001) . The rules governing protein-protein interactions among MADS-domain proteins have been studied from different angles. From phylogenetic comparisons, it is known that some interactions are conserved over large phylogenetic distances, whereas other are more plastic (Liu et al., 2010; Melzer et al., 2014) . Interaction studies using mutated proteins identified key residues important for particular interactions (Yang et al., 2003a, b; Yang and Jack, 2004) . More recently, a combination of sequence analyses and interaction assays identified individual amino acid residues critical for particular protein-protein interactions (Airoldi et al., 2010; Bartlett et al., 2016) . Importantly, in vivo analyses using mutated proteins confirmed that a change in interaction capabilities alters the ability of MADS-domain proteins to control certain developmental pathways (Yang et al., 2003b; Airoldi et al., 2010; Bartlett et al., 2016) . The structure of the protein-protein interaction domain of the MADSdomain protein SEP3 has been determined using X-ray crystallography (Puranik et al., 2014) . This provides an important resource for understanding and modelling the impact of point mutations on protein-protein interactions (Silva et al., 2016; Ruempler et al., 2017) .
Similar to protein-protein interactions, the DNA binding specificity of MADS-domain proteins has been the subject of intense research (reviewed by Melzer et al., 2006; Yan et al., 2016) . As with many transcription factors, one of the main questions is how target gene specificity is achieved. ChIP-Seq studies coupled with expression analyses indicate that MADS-domain proteins may have a lot of overlapping targets, some of which are regulated in opposite ways by different protein complexes (Ó'Maoiléidigh et al., 2013) . However, detailed in vitro DNA binding experiments and, again, ChIP-Seq analyses also revealed that different MADS-domain protein complexes also possess different binding site preferences (Kaufmann et al., 2009; Smaczniak et al., 2017) . Beyond the sequence of the binding site, other parameters such as the structure of the DNA have been show to play an important role for target gene specificity (Muiño et al., 2014; Gusewski et al., 2017; Smaczniak et al., 2017) . Furthermore, the distance and orientation between two binding sites influences tetramer formation and may thus also contribute to target gene specificity (Jetha et al., 2014) .
The figure shows a generic Brassicaceae flower and depicts different floral homeotic protein complexes and their proposed role in floral organ determination according to the quartet model. The curved DNA fragments were created using 3D-DART (van Dijk and Bonvin, 2009 ). The crystal structures of a tetramer of the protein-protein interaction domain (the K-domain) of SEP3 (Puranik et al., 2014) , and of a MADS-domain dimer bound to DNA (Pellegrini et al., 1995) are shown to illustrate the availability of structural data. The MADS-domain structure is from SRF in humans (Pellegrini et al., 1995) , but plant MADS-domains are probably very similar in structure due to the high sequence conservation of the MADS-domain. Pdb files were visualized using UCSF Chimera (Pettersen et al., 2004) . The sequence logo of the DNA-binding motif for SEP3 as determined by ChIP-Seq (Kaufmann et al., 2009 ) is also shown. The motif was derived from the plant TFDB 4.0 (Jin et al., 2017) .
expression (Swinnen et al., 2016) . For this strategy, a 'promoter mutagenesis' approach employing CRISPR/Cas9 can be used that requires relatively little a priori knowledge of the function of specific cis-regulatory elements (Rodríguez-Leal et al., 2017) . Though this is a very promising approach for future crop improvement programmes, we suggest that modifications in the coding region may also be well suited to fine-tune the phenotype, especially when it comes to MADSdomain proteins. A number of coding sequence variations involved in flowering plant domestication have been outlined here ( Table 2 ), indicating that this is a viable strategy worth exploiting further in the future. The function of MADSdomain proteins is largely determined by protein-protein and protein-DNA interactions (Box 2), and the same protein might be involved in different developmental pathways via different protein-protein interaction partners (de Folter et al., 2005; Immink et al., 2009 Immink et al., , 2010 . Thus, manipulating one particular interaction may affect one specific developmental pathway but not others, very similar to the manipulation of promoter regions. Indeed, and also very similar to promoter regions, there is growing evidence that protein-protein interactions are modular at the molecular level, such that interaction with one partner can be disturbed while other interactions remain intact (Sieburth et al., 1995; Melzer et al., 2014; Puranik et al., 2014; Silva et al., 2016; Alhindi et al., 2017; Ruelens et al., 2017; Ruempler et al., 2017) . For example, single amino acid residues have been shown to confer interaction specificity in a number of cases (Yang et al., 2003a, b; Yang and Jack, 2004; Airoldi et al., 2010; Bartlett et al., 2016; Bartlett, 2017) . In addition, the biophysics and biochemistry of MADS-domain proteins are increasingly well studied, and we are beginning to understand which factors determine protein-protein and protein-DNA interaction patterns in remarkable detail (Muino et al., 2014; Puranik et al., 2014; Yan et al., 2016; Gusewski et al., 2017; Ruempler et al., 2017; Smaczniak et al., 2017) . Thus, predicting the potential effect of coding sequence variation might in some cases be easier than predicting the consequences of cis-regulatory manipulations, as promoter regions are less well studied and are also more variable between different species.
As in the case with promoter modifications, CRISPR/ Cas9 might be a promising tool to introduce the desired changes, as methods that allow the substitution of specific base pairs (resulting in amino acid substitutions) have been developed (Schiml et al., 2014; Lu and Zhu, 2017; Shimatani et al., 2017) , though the routine application of many precise genome editing techniques can still be challenging (Puchta, 2017) . However, given the reluctance to accept CRISPR/ Cas9 gene editing techniques in many countries (even though CRISPR does not necessarily require plant transformation, see, for example, Zhang et al., 2016) , large-scale EMS (ethyl methanesulphonate) mutagenesis approaches and subsequent selection of promising mutations might be an important alternative. For wheat, for example, such libraries have already been created and constitute a valuable resource not only for wheat genetics research but also for improving wheat performance (Krasileva et al., 2017) . Beyond inducing mutations, landraces and wild relatives of elite cultivars might constitute a largely untapped pool of allelic diversity (Dawson et al., 2015; Lopes et al., 2015) that could be used for targeted screening of MADS-box gene coding sequence variations that can potentially be used for crop improvement.
Conclusions: one gene family to rule them all
It has been argued that one main obstacle science faces is the lack of models based on quantitative formulations (Lazebnik, 2002; Cohen, 2017) . This in turn means that it is difficult to make quantitative predictions about the consequences of specific manipulations (Cohen, 2017) . Given the amount of qualitative and quantitative data researchers have accumulated on MADS-box genes during the past decades, we might be closer to predicting specific phenotypic consequences of MADSbox gene alterations than for the vast majority of other gene families. Though we are close, significant challenges still lie ahead. For example, subfunctionalizations among closely related paralogues can make it difficult to predict phenotypic consequences of specific mutations. Additional functional studies as well as a more detailed understanding of the biophysical properties of MADS-domain proteins are required to exploit fully the potential of MADS-box genes for optimizing crop performance. We are convinced that continued basic and applied research programmes focused on MADSbox genes in a broad variety of species will not only result in a deeper understanding of plant development and evolution, but will also profoundly contribute to improving crops and consequently help to ensure food security and human health.
